In this paper, we explore the benefits of materials design in a product design process. We also compare the methods of material selection and materials design by demonstrating two examples-the design of a cantilever beam for minimum weight and the design of a fan blade for minimum weight. The design of the cantilever beam is carried out using Ashby's material selection method as well as a proposed method for materials design. The design of the fan blade and its material is completed using computational tools. Our goal in this paper is to demonstrate the benefits of materials design over material selection methods and to illustrate the flexibility inherent in materials design processes. We are more interested in revealing the possibilities of materials design, rather than the specific results from the example problems. The investigation of materials design presented in this paper moves us one step closer towards the realization of a systematic, inductive method for the concurrent design of products and materials.
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FRAME OF REFERENCE
Materials design is the process of tailoring material properties to meet the requirements of specific design problems [1] . Materials can be tailored or adapted to produce new materials with specific properties and performance levels. Material requirements detail the minimum material performance level necessary for a successful product design.
In the past, new materials were created largely by a process of experimental trial and error, and new materials were often discovered by chance. Today we are in the process of defining a systematic design method for integrated product and materials design. Several examples of materials design are found in Figure 1 . Our vision for the future is that we will move to a time when simulation-based design of materials is both feasible and rapid. Designing new materials is complicated by the fact that the performance of a material is determined by several inter-related characteristics as shown in Figure 2 . The processing link represents the manufacturing processes used to create a material. A material's processing path affects its nanostructure. Various process paths include quenching time and chemical reactions. The structure link represents the microstructure of the material. The processing path directly affects a material's microstructure. A material's microstructure is identified by (for example) grain size and distribution. The property link in the chain below represents the physical properties of the material. The microstructure of a material directly impacts the properties of the material. Material properties describe the behavior of a material and can be found in many engineering material tables (for example, Young's Modulus, density, and thermal conductivity). The performance of a material describes how a part constructed from the given material behaves under specific conditions. Current materials design processes are deductive in nature (bottom-up). Changing the processing path of a material adjusts its microstructure. Adjusting the microstructure of a material changes the properties and performance of the material. Materials design of the future will consist of an inductive (top-down) approach. Designers will specify the required material performance at the beginning of the design process. Then the material properties, microstructure, and processing path will be determined based on the material performance requirements.
Linear Cellular Alloys
METHODS FOR MATERIALS DESIGN
In this section we address several questions fundamental to materials design. For example, why should engineers consider designing new materials rather than using existing ones? What are the benefits of materials design? When is it advantageous for engineers to design new materials? To answer these questions, we have discussed two methods of incorporating materials in a product design process. In Sections 3 and 4, we provide comprehensive examples that employ the two methods of incorporating materials in a product design process.
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Material Selection
In material selection the best material is selected for a given product design problem. By following material selection techniques, the most appropriate material is selected from all known materials in order to satisfy product requirements and goals. A method for material selection is presented the flowchart in Figure 3 . At the beginning of a product design process that embodies material selection techniques, the product requirements are known. A designer also has access to a vast material database that describes properties of materials under various conditions. Throughout the design process, the number of feasible materials is reduced based on product requirements, loading conditions, and design goals. At the end of a design process, the product material is selected and the product dimensions and layout are determined. In the material selection method, there is a weak link between product material and product layout / dimensions. As the coupling between product material and product geometry weakens, design freedom is preserved until later in the design process.
The material selection method chosen for comparison is found in the textbook Materials Selection in Mechanical Design by Michael F. Ashby [3] . The material selection process begins with a database containing all known materials. Screening and ranking techniques reduce the number of feasible materials based on product geometry and loading conditions. The resulting subset of feasible materials is reduced by conducting further research on these materials. At this stage in the material selection process, engineering expertise plays a role in eliminating materials that would be poor choices in the overall product design. After the prime candidates have been selected, local load conditions combined with design goals lead to the final material choice. This material selection process contains many subjective elements. Human expertise and error factor into the final material choice. A flowchart representing the material selection technique in Ashby's textbook is provided in Figure 4 . 
Materials Design
Materials design is the process of developing and constructing materials with specific qualities to meet design requirements. The number and variety of new materials that can be designed is only limited by available elements, physical laws, and chemical laws. A materials design process is presented in the flowchart in Figure 5 . At the beginning of a materials design process, the product requirements (and material requirements) are known. Product layout and dimensions can also be specified at the beginning of the design process if it is advantageous for a designer to do so. At the end of the design process, the product material is specified. Determining the product layout and dimensions can be delayed until the end of the design process. In the materials design paradigm, there is a weak coupling between product material and product layout / dimensions. As the coupling between product material and layout / dimensions decreases to zero, the product can be designed separately from the material.
Specifying the layout / dimensions of a product at the beginning of a design process is useful in product designs that have very small dimensions or dimensions with tight tolerances. For example, in many MEMS applications, the dimensions of individual parts are crucial to the success of the overall system. In this instance, it would be useful to specify part dimensions at the beginning of the materials design process, and then design a material that would perform favorably for the given dimensions. On the other hand, with many part designs, the layout / dimensions of the part do not have tight constraints. For such product designs, it would be advantageous to maintain the design freedom of the product layout / dimensions until later in the design process. By maintaining the design freedom of the product layout / dimension, one does not impose unnecessary limits on the material that is being designed.
Two separate example problems are solved in this paper to demonstrate the benefits of determining the product layout / dimensions at the beginning of a design process, and towards the end of a design process. The motivation for each example problem is shown in Figure 6 . In the cantilever beam example, the exact dimensions of the beam are not stated in the product requirements list. Therefore, the designers find it advantageous to wait until later in the design process to determine the dimension of the cross-section of the beam. By doing this, we are able to more effectively achieve our design goals. In the fan blade example, the layout / dimensions of the fan blade are determined at the beginning of the design process. Since the fan blade is part of a system of fan blades (joined together in a fan assembly), the dimensions of the fan blade are crucial to the overall system performance. We are able to design a material for the fan blade without changing the fan blade geometry. The two example problems demonstrate the flexibility of a materials design process-product layout and dimensions can be determined at various stages in a design process.
Example Problem Motivation
Example #1 -Design of a cantilever beam for minimum weight, given geometric and deflection constraints
Example #2 -
Design of a fan blade for minimum weight and deflection, given a fixed geometry
• Design goal -minimize beam weight
• Design constraints -maximum deflection ≤ 1 cm, safety factor > 1
• Beam geometry (cross-section) is not determined at the beginning of the materials design process
• Example problem used to illustrate that design goals are more closely met with a materials design process, compared to a materials selection process
• Example problem used to illustrate that product layout / dimensions can be determined at the end of a design process that implements materials design
• Design goals -minimize fan blade weight, minimize fan blade deflection
• Design constraints -geometry of fan blade is fixed
• Fan blade geometry is determined at the beginning of the materials design process
• Example problem used to illustrate that product layout / dimensions can be determined at the beginning of a design process that implements materials design Figure 6 . Example problem motivation.
The material for the cantilever beam is initially selected using Ashby's material selection method. Then, the material for the beam is designed via alloying. The design goal for this example problem is to minimize the weight of the beam while remaining within the maximum deflection constraint. The beam has a constant length and a square cross-section. The cross-section of the beam is a design variable.
Comparison of Methods
A comparison of the two methods of incorporating materials in a product design process is given in Figure 7 .
Materials Design
Material Selection
Material Database Consider a solid, square cantilever beam under constant loading. The beam is subject to a force of 10 N located at the free end. The weight of the beam is modeled as a constant distributed load along the length of the beam. For this particular design problem, the maximum allowable displacement at the free end is δ = 0.01 m. The beam must be 2 meters in length to meet the design specifications. Our design goal is to minimize the weight of the cantilever beam. The cross-sectional dimensions of the beam and the material that the beam is made from are not constrained, except that the beam must have a square cross-section. A picture of the beam is displayed in Figure 9 . When comparing the two methods, we pay particular attention to design freedom at various stages in the design process and to the relationship between product material and product dimensions. In general, we observe that as you move from traditional material selection methods to materials design methods, product dimensions and product material become less dependant on one another. Also, moving from material selection to materials design preserves design freedom into later stages of a design process. It is also important to note that by incorporating materials design in a product design process, the product layout / dimensions can be specified at the beginning or determined at the end of the design process. The concepts presented here are explored in more depth in the cantilever beam (Section 3) and fan blade (Section 4) examples. 
Cantilever Beam -Material Selection
We begin the material selection process (based on Ashby's method, Figure 4 ) by considering all available materials (box 1b in Figure 3 ). To reduce the number of possible material choices, we first screen the materials by applying property limits. Property limits are determined from the product performance requirements. Property limits are applied first because they must be obeyed for the success of the design. In our beam example, no property limits are specified, so they will not be applied.
EXAMPLE PROBLEM: CANTILEVER BEAM
In the following example problem, we investigate the advantages of materials design over material selection in the design of a cantilever beam. We also illustrate how product dimensions can be determined later in a product design process that utilized materials design techniques. The motivation for this example problem is shown in Figure 8 .
The remaining materials are ranked on the basis of material indices. Material indices reflect the product requirements that are objectives rather than constraints. A material index is "a combination of material properties which characterizes the performance of a material in a given application" [3] . In formulating material indices, a designer must consider the part and its environment; for example, material indices represent the geometry and loading conditions of the part. Several material indices are identified for various objectives and constraints in Ashby's book, and charts are provided to assist a designer in ranking the material on the basis of these material indices.
Example Problem Motivation
In the beam example, we wish to minimize the weightand hence, the mass -of the beam. We also wish to select a material that will adequately support the applied load and the weight of the beam. The length of the beam must remain constant at L = 2 m, and the cross-section must remain square. This information is given in the product requirements, box 1a in Figure 3 .
The objective function of this problem is given in Equation 1.
This is the equation that we wish to minimize. We can minimize the mass of the beam by either reducing the crosssectional area (A) or choosing a material with a low density (ρ). Ideally, we would like to choose a high-strength material with low density. Therefore, the cross-sectional area of the beam would not have to increase significantly to sustain the load on the beam.
In order to use the material tables provided in Ashby's Material Selection in Mechanical Design textbook, material indices were calculated for the example problem. The derivation of the material index is given below in Equations 2-5 [3] . .
Where, S is the stiffness of the beam and C 1 is a constant which depends on the distribution of the load. 
Combining Equations 1-3:
The line representing the equation for the material index is bolded at the bottom of the graph. The mass of the cantilever beam can be minimized by decreasing the density of the beam material and/or increasing the strength of the beam material (which would result in a smaller beam cross-section). Minimizing component mass is analogous to maximizing the material index in Equation 5 . Therefore, it is best to choose materials above the material index line in Figure 10 . Our subset of materials now consists of all materials above the material index line. This subset includes many materials; therefore, we consider additional material requirements in the material selection process.
Next, we use supporting information such as handbooks, specialized software, expert systems and the internet to reduce the large subset of materials to a few prime candidates. Since the pool of potential materials is still quite large, we narrow the pool to a few categories of materials for further exploration. These categories are woods (parallel to grain), carbon fiber laminates, beryllium alloys, ceramics, and engineering alloys (steel, aluminum, etc.). These categories are chosen because of their location on the chart in Figure 10 ; more specifically, these categories lie furthest away from the material index line. After consulting supporting references, the pros and cons of each category of materials are identified and are displayed in Table  1 . We wish to maximize the following material index (M) for the beam example problem. That is, beams with low mass (m) will have a high material index Materials are plotted on a graph of elastic modulus versus density, shown in Figure 10 .
To compare the results of each design method, we calculate the safety factor of the beam. Since our beam is only loaded in one direction (vertically down), the safety factor is defined as the yield stress (σ y ) divided by the maximum stress in the beam. The maximum stress in the beam occurs at the top of the beam at the fixed end. The equation for safety factor is shown in Equation 8 . Calculating the safety factor is a way to test the likelihood of beam failure and to compare various beam designs. The safety factor calculation is not useful in the material selection process because the cross-section characteristic length (a) is not known at the material selection stage in the design process.
Several of the categories of materials are found to be very expensive as compared to more readily available engineering materials such as steel or aluminum. Since cost is not a requirement in the problem formulation, this should not make a difference for our selection. Other disadvantages that are identified include rapid degradation, high variability, brittleness and environmental and health impacts. Similar to high cost, the problem formulation does not specifically forbid these assumed disadvantages. Without revising the formulation of the example problem, none of the categories of materials can be eliminated at this point, and these five categories become our prime candidates. This realization reinforces the importance of the requirements list. To be consistent, all true limits and objectives must be included in the requirements list for the product design to satisfy the customer.
The last step in the material selection process is to consider the prime candidate materials within the local conditions of the design. This means that the expertise of designers and fabricators must be considered as well as the eventual manufacturing capabilities. This part of the procedure is not systematic because it is driven by the experience of designers and the process capabilities in manufacturing. In our case, as designers, we are only familiar with designing for ductile materials, specifically the traditional engineering alloys such as steel and aluminum. Since aluminum is much less dense than steel, and we are interested in reducing weight, our final material choice is aluminum. However, aluminum is certainly not the only material that could be successfully implemented in this example. The role of a design engineer is to analyze the material data charts and select a material that best meets the design requirements. For the purpose of this example, we assume that the beam manufacturer recommends Al 6005-T1; this is the selected aluminum alloy for use in our cantilever beam design (box 3b in Figure 3 Once the material has been selected, the dimensions of the beam are determined by applying Euler's beam equations [4] . This step is represented by box 3a in Figure 3 . Due to the linear relationship of applied loads to beam deflection, the principle of superposition is used to develop equations for the deflection of beams under combined loading. In our case, the beam is subjected to two vertically (down) applied loads: the finite load of 10 N at the free end, and the distributed load of the weight of the beam itself. Equation 6 describes the displacement (δ) of the beam at the free end under the given loading conditions, where ρ is the density of the beam material, g is the acceleration due to gravity, and E is the modulus of elasticity of the beam material. 
Since the safety factor is greater than one, the aluminum beam will not fail under the applied loads.
The mass (m) of the beam can be found using the following equation:
Creation of the interaction model begins with the realization that the beam equations previously used for the material selection example no longer apply. Specifically, the beam deflection equations developed by Euler by integration of the bending-moment equations assume homogeneous material properties throughout the beam. This assumption does not apply to our example. We could return to the bending-moment equation and repeat the integration without assuming constant properties; however, for the sake of time constraints, we chose to use finite element software to model the beam performance.
Cantilever Beam -Materials Design
Materials design techniques can be applied to our beam design example. The first step is to determine the manner in which we intend to vary the material properties within the beam. There are several options. We can vary the material composition of the beam by alloying metals or designing a composite beam. We can vary the internal structure, or topology, of the beam to use less material while maintaining strength. We can also design a processing path composed of thermal and/or surface treatments to change the material properties of the beam. The key here is that the material properties of the resultant beam will not be homogeneous throughout the beam. Consider the beam in Figure 11 . The elastic modulus of this beam is some function of the distance (x) along the beam. The properties of the resultant beam could be a function of one, two, or three dimensions depending on the complexity of the design. Once we select a method (or methods) for varying the material properties, we use computer models to explore the design space.
To enable heterogeneous material properties in the resultant beam, the beam is modeled in COMSOL in ten discrete segments. COMSOL is chosen because of its availability and ease of use; COMSOL is compatible with MATLAB. The volume fraction in each of the segments are assigned independently, with the only restraint being that the volume fraction had to be greater than or equal to zero and less than or equal to one. The inputs to the interaction model (COMSOL model) are the characteristic dimension, a, and the volume fraction in each segment. The characteristic dimension is held constant for all sections to avoid stress concentrations. The outputs of the interaction model are the maximum deflection of the beam, the maximum stress, and the location of maximum stress. A simple script to calculate the weight of the beam is also created in MATLAB by summing the weight of the individual segments based on the volume fractions in each segment and the densities of the alloy components.
Once the material and interaction models were created, a compromise Decision Support Problem (cDSP) was formulated to choose the best values for the characteristic dimension (a) of the resultant beam and the volume fraction in each discrete beam segment. The compromise DSP is a general framework for solving multi-objective, non-linear, optimization problems [5] . Mathematically, the cDSP is a multi-objective decision model which is a hybrid formulation based on Mathematical Programming and Goal Programming [6] . It is used to determine the values of the design variables, which satisfy a set of constraints and bounds and achieve as closely as possible a set of conflicting goals. The structure of the cDSP is as follows: In this example problem, the layout / dimensions of the beam are not determined early in the design process (box 1a in Figure 5 ). In completing this example problem, we show that by implementing materials design methods, the product geometry can be determined at the end of a design process.
For our cantilever beam example, we have chosen to alloy two metals to obtain our product material. Alloying was chosen over other possible design techniques due to the relative simplicity of this method. We assume the material properties of the product material to be linear in volume fraction (vf). This relation is shown in Equation 12, and can be used for all of the material properties required for our calculations: E, ρ, and σ yield , where X A and X B are the material properties of alloy component A and alloy component B, respectively. The formulation of the cDSP is shown in Figure 12 .
The minimization is implemented in MATLAB using the fmincon() function. The properties of alloying materials are also needed as inputs to the cDSP. Since aluminum was used in the material selection design, we decided to try to alloy aluminum with a stronger material. We chose steel for the stronger material. The material properties of aluminum are This relation is our material model for the beam. Now we need an interaction model to simulate the effects of the material on the performance of the beam itself. The properties of alloying materials are also needed as inputs to the cDSP. The volume fractions found by solving the cDSP are shown in Figure 13 . Determining the product material is represented by box 3a in Figure 5 . A volume fraction of one indicates pure steel and a volume fraction of zero indicates pure Al 6005-T1. By solving the cDSP, the characteristic length, a, was found to be 0.027 m, and the safety factor was found to be 14.61. By alloying steel with aluminum in strategic locations, the beam width was reduced from 3.6 cm to 2.7 cm with a savings of 0.47 kg. Determining the product dimensions is represented by box 3b in Figure 5 . The safety factor of the beam was increased from 9.14 (material selection scenario) to 14.61 (materials design scenario). In the materials design case, the safety factor was calculated by comparing the maximum stress in each segment to the yield strength in each segment. The minimum safety factor is the safety factor of the beam as a whole assuming that the beam will not fail at the connections between the discrete beam segments.
Alloy composition in each segment
The volume fractions reflect the expectation that the stronger material (steel) will dominate the alloy at the base of the cantilever beam, while the lighter material (aluminum) will dominate the alloy at the free end of the beam. This outcome is expected because the maximum stress of a cantilever beam is located at the base of the beam, since that is where the maximum bending-moment is applied.
Cantilever Beam -Comparing the Methods
A comparison of the data calculated in the cantilever beam design examples is shown in Table 2 . Incorporating materials design techniques in the design of a cantilever beam resulted in a less massive beam compared to material selection methods. The results indicate that the design goal of minimizing mass was more effectively achieved by implementing materials design techniques rather than a material selection method in the design of a cantilever beam. 
EXAMPLE PROBLEM: FAN BLADE
In the following example, we illustrate the advantages of materials design compared to material selection in a product realization process. Also, in this example problem we demonstrate the flexibility of materials design by showing that product dimensions can be determined at the beginning of a product design process that includes materials design techniques (box 1b in Figure 5 ). The example problem consists of the design of a fan blade and its associated material. The goals for the example problem are to design a fan blade with a minimum weight and minimum deflection during operation. In this example problem, the dimensions of the part are determined early in the design process. In completing the design of a fan blade and its associated material, we demonstrate the inherent flexibility of a materials design process-the product layout / dimensions can be determined at the beginning of a product design process. (Refer to § 2.2). The motivation for this example problem is shown in Figure  14 .
Example Problem
Motivation
Example #2 -Design of a fan blade for minimum weight and deflection, given a fixed geometry
• Example problem used to illustrate that product layout / dimensions can be determined at the beginning of a design process that implements materials design Figure 14 . Motivation for example problem #2.
In this example, two fans are designed, tested, and analyzed. The geometry and operating conditions are the same for both fans. The material properties for the first fan are constant throughout the volume of the fan blade. Maintaining constant material properties throughout the fan blade is analogous to incorporating material selection techniques in the fan design problem. The material properties in the second fan blade vary in order to more effectively achieve the design goals of minimum weight and minimum deflection. Varying the material properties of the fan blade is one way to systematically design a superior material that more effectively meets the deign goals of this example problem.
In order to analyze the structural performance of the blade in operation, the stress distribution on the fan blade is required. The factors that have an effect on the blade stress distribution are the centrifugal force, and the forces applied from the air on the blade (including the air pressure and the shear stress on the blade). Simulations of the air flow around the fan blade are needed to determine the air pressure and shear stress on the blade. For this example problem, the air flow simulation was completed using the commercial software package FLUENT 7 . Then, the obtained air pressure and shear stress with the centrifugal force are applied to the fan blade in order to complete a stress analysis on the fan blade.
For the fan blade design example problem, the structural analysis of the fan blade is completed using Finite Element Analysis in a commercial software package FEMLAB. Since multiple design software programs are used in this design problem, transferring the air pressure and shear stress values from FLUENT to FEMLAB is required. It can be shown that one can ignore the effect of the shear stress on the blade stress distribution compared to the effect of the air pressure. A computer code is written in MATLAB to transfer the air pressure from FLUENT to FEMLAB environment. The performance of the fan blade with was analyzed for a blade of constant material properties (material selection) and varying material properties (materials design). This analysis shows the benefits of designing new materials for the fan blade.
The fan blades modeled for this example have an inner radius of 110 mm and the outer radius of 180 mm. The fan blades have an airfoil cross-section with angle of attack equal to 15 o . The experimental setup for modeling the fan blade response is shown in Figure 15 . Since most fans are symmetrical modeling only one fan blade is enough to simulate the air flow around an entire fan. The grid made in software package GAMBIT provides the periodic boundaries on either side of the domain. The boundary condition of velocity inlet is applied to the upstream boundary and a pressure outlet to the downstream boundary. Since the fan is spinning at a constant rotational velocity, a rotating reference frame is used. The lower wall is assumed to be rotating with the blade while the upper wall is stationary. All blade surfaces boundary conditions are considered no-slip. The system is analyzed for steady-state conditions, as we are not concerned with the transient response at this time. Due to turbulent nature of the air flow around the blade, a Reynoldsaveraged Navier-Stokes (RANS) equations are used to model the flow using the standard K_ε model implemented in the commercial CFD software package FLUENT. A fine mesh consisting of 123,443 tetrahedral cells is created using GAMBIT. A layout of the mesh around the fan blade is shown in Figure 16 . Convergence criterion of a residual less than 10 -3 for continuum and 10 -5 for momentum and K_ε equations are used. When reduced by an order of magnitude further, the solution is identical, demonstrating iteration convergence. The air flow streamlines resulted by simulation in FLUENT are shown in Figure 17 for V in = 10 m/s and ω=500 rad/s. After simulating the air flow around the blade in FLUENT, the contours of the pressure and shear stress are obtained. The airflow pressure drop and shear stress contours for V in = 10 m/s and ω=750 rad/s are shown in Figure 18 and Figure 19 . It is seen that pressure and shear stress distribution on the blade do not have any specific order. The magnitude of the shear stress is much less than the magnitude of the pressure (maximum shear stress / maximum pressure = 0.01. Also, the distribution of the shear stress is very similar to distribution of the pressure, so the shear stress can be ignored compared to the pressure. After completing the air flow simulation, the air pressure and shear stress with the centrifugal force is applied to the fan blade in order to complete a stress analysis on the fan blade. Determining the stress distribution on the fan blade is required in order to measure the structural performance of the blade while spinning. In the last section, simulation of the air flow around the fan blade was completed, and the air pressure and shear stress on the blade were obtained. As explained in the previous section, the shear stress can be ignored for this example problem. Since the transferring the shear stress from FLUENT to FEMLAB is difficult and complex, we ignore the effect of shear stress on the stress distribution. To transfer the amounts of air pressures on the blade surface from FLUENT to FEMLAB, a computer code by MATLAB is written. This code arranges the air pressures so that a fan blade model in FEMLAB can accept them as external forces. A model of the fan blade is made and meshed in FEMLAB. The mesh for the fan blade geometry is shown in Figure 20 . In addition to air pressure on the front side and backside of the fan blade, another important force due to centrifugal acceleration of the blade is applied to the blade. Considering D'Alembert's principle, the force represented by an inward acceleration (a) is a reversed a m ⋅ vector with the value of [7] : The bottom surface of the fan blade is modeled as stationary while the upper surface is free to simulate the effect of the air pressures and centrifugal force on the blade stress distribution. The structural simulation of the fan blade is completed using FEMLAB. But before that, a material for the blade is selected or designed in order to achieve the design goals of minimizing the blade weight and deflection. In the following sections, we compare fan performance for material selection and material design. 
Fan Blade -Material Selection
Material selection is a method of using a material database to select the best material for product designs. By following material selection techniques, the most appropriate material is selected from all known materials in order to satisfy product requirements and goals. The material selection process begins with a database containing all known materials. Screening and ranking techniques reduce the number of feasible material based on product geometry and loading conditions. The resulting subset of feasible materials is further reduced by conducting research on these materials. At this stage in the material selection process, engineering expertise plays a role in eliminating materials that would be poor choices in the overall product design. After the prime candidates have been selected, local load conditions combined with design goals lead to the final material choice [3] .
AISI 1180 steel is selected for the fan blade design problem. This material is chosen based on its relatively high strength-to-weight ratio compared to other materials. The ductile nature of metal alloys is also appropriate for this design problem because we anticipate that the fan blade will experience fatigue loading that could cause failure in brittle materials. In this example problem, we are not able to follow Ashby's material selection method precisely due to the unique geometry and loading conditions of the fan blade. However, the principles of screening, ranking, and using engineering expertise are used in selecting a material for the fan blade. The material properties for AISI 1180 steel are given below 8 
Fan Blade -Materials Design
In this section, the authors demonstrate the benefits of materials design when incorporated in the fan blade example problem. In the design of the steel fan blade, the maximum Von Mises stress on the fan blade is 9.27 MPa, and the minimum stress is 2184 Pa (see Figure 21 and Figure 22) . Also, it is determined that the stresses in the inner parts of the blade are significantly greater compared to the stresses in the outer parts of the blade. It can be concluded that it is unnecessary to use a strong material (with high Young's Modulus) for the outer parts of the blade, while a strong material is needed for the inner parts of the blade. It would be advantageous for the material in the fan blade to have material properties (such as Young's Modulus) that vary throughout the length of the fan blade. In the optimum material for the fan blade, the material properties at each point in the blade would be the exact properties needed to achieve our design goals.
In designing a new material for the fan blade, we decide to alloy two materials with different values of Young's Modulus and density. By combining these two materials, a new material is designed with the desired material properties at each point throughout the fan blade to satisfy both goals of minimum weight and minimum deflection. The base materials used to design a new material are Steel and aluminum are alloyed using two methods to design two new materials [material (I), material (II)] for use in the fan blade design problem. The new materials designed for the fan example problem will have material properties that vary between the properties of aluminum and steel. We realize that this example problem has manufacturing limitations. However, our goal in this example problem is to demonstrate the possible benefits of materials design over material selection considering our design goals. The authors are not concerned with the manufacturability of the example problem at this time.
Based on the stress distribution of the constant property fan blade, the highest stresses are found at the base of the fan blade. Therefore, it is important for the material at the base of the blade to have the highest strength (Young's Modulus). The material along the base of the fan blade will consist of 100% steel. As one moves from the base to the tip of the fan blade, the percent of aluminum in the material increases. 
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where, E is Young's Modulus (Pa) of the blade and y is the vertical position (m) of the blade points from the rotation center of the blade. The Young's Modulus distribution of the fan blade with this new material is shown in Figure 25 . 
Fan Blade -Comparing the Methods
For the four materials considered in this example problem (steel, aluminum, steel-aluminum [linear variation], steelaluminum [quadratic variation]) the stress analysis is completed using FEMLAB simulations.
The results of maximum deformation and maximum and minimum stresses are given in Table 3 .
In Figure 26 , the deformations along a vertical line of the blade for these materials are compared. In this figure, we observe that the displacement of the fan blade for the designed materials (steel-aluminum alloy) is very similar to the deformation of the solid steel fan blade. This similarity is confirmed through Table 3 . The maximum deformation for aluminum blade is 180% more than the maximum deformation of the steel blade, while the maximum blade deformation for blade design incorporating new material (I) and (II) is only 12% and 4% greater than the maximum deformation of the steel blade. Therefore, the designers conclude that by alloying steel and aluminum, a lightweight material can be designed that performs comparably to traditional strong and heavy materials. The density of the new materials is a mixture of the densities of the steel and aluminum, so a fan blade made from the new material weighs less than a fan blade made from steel (assuming constant geometry for fan blade designs). To see the effects of the air inlet velocity and fan rotational velocity on structural performance of the blade with the new materials, the airflow and stress simulations are completed for several air inlet velocities and fan rotational velocities. These effects are seen in Figure 27 and Figure 28 . Based on these figures, on can deduce that the structural performance of the designed materials is comparable to the performance of the steel fan blade for a range of rotational and inlet velocities.
In the cantilever beam design problem, we show that by designing the material for the beam, the design goals of minimizing weight are more closely met, compared to designs implementing material selection.
The beam is initially designed using the constant material properties of AISI 1108 steel. Next, the beam is designed using a hypothetical new material; the new material is designed by alloying two metals, steel and aluminum. In the fan blade example problem, the design goals are to minimize the weight and deflection of the fan blade. The design goals of minimizing weight and deflection of the fan blade are more effectively achieved via materials design compared to material selection. The fan blade is initially designed using the constant material properties of AISI 1108 steel. Then, the fan blade is designed using an alloy of aluminum and steel [material (I), material (II)]. From the data it is shown that the deflection of the aluminum-steel fan blade is comparable to the deflection of the solid steel fan blade. By designing a new material for the fan blade, we are able to achieve comparable deflection in the fan blade as compared to a solid steel blade while reducing the weight of the fan blade. It is with curiosity and expectation that we present these explorations into the field of materials design. Our goal in this paper is to highlight some of the key advantages of materials design, compared to traditional material selection methods. We believe that the realization of a systematic, inductive method for the concurrent design of products and materials could revolutionize product design processes. We speculate that by incorporating materials design in the product design process, product performance levels and multifunctional requirements that were previously found impossible could be achieved. For broader research impacts, we plan to investigate the multiscale nature of materials design in a product design process, based on Olsen's processing-structure-property-performance chain [2] , [8] . By understanding the multiscale impacts of materials design, we move one step closer to the development of an inductive approach for designing materials [9] , [10] . 
CLOSURE
We demonstrate the benefits of incorporating materials design over material selection in a product design process via two examples. In each example problem, design goals are more closely achieved by implementing materials design compared to material selection. In the example problems, we also demonstrate the flexibility of materials design processes by identifying the weak coupling between material and product layout / dimensions in a product design process. In a materials design method, decisions regarding product geometry and exact dimensions can be determined at various stages in a design process.
In the cantilever beam example problem, the dimensions of the beam are not determined until late in the design process. However, in the fan blade design problem, the geometry and dimensions of the fan blade are set at the beginning of the materials design process. In completing the example problems, we are more interested in illustrating the advantages materials design, rather than the exact design solutions that are obtained.
